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Introduction
Glioblastoma (GBM, WHO grade IV) is the most aggressive and also most common primary brain tumor. 1 Despite present treatment strategies, such as surgical removal, radiotherapy and chemother-apy, only 5% of GBM patients survive 5 years and mean patient survival after diagnosis is approximately 1.4 years. 2 These poor survival rates are mainly due to infiltrating type of growth of GBM cells into surrounding brain parenchyma, and extensive tumor heterogeneity. 3, 4 The invasive spread of GBM cells is tightly associated with production and secretion of proteolytic enzymes 5 , including lysosomal cysteine cathepsins, belonging to the C1A family of papain-like proteases. 6, 7 The cysteine cathepsin family comprises of 11 proteases, sharing the same proteolytic mechanism, based on similar structural elements. However, these proteases have distinct conformations and catalytic activity ( Figure S1 ) and are different with respect to their tissue and cellular distribution patterns and their physiological roles. Cathepsins play distinct roles in cancer progression, including invasion, the development of therapeutic resistance 8 and apoptosis. 9, 10 Besides the hydrolysis of selective proteins, cysteine cathepsins participate in proteolytic cascades, where one protease activates one or several others in sequences that finally regulate hydrolysis of peptide and protein substrates, which is called protease signaling. 10 For example, secreted cathepsins can be considered as initiators of extracellular matrix (ECM)-degrading cascades during cell invasion, by cleaving and activating serine proteases, and modifying the tumor microenvironment by cleaving ECM proteins, shedding cell-cell adhesion molecules and processing relevant cytokines and growth factors to enhance tumor progression. 8, 11, 12 On the other hand, cathepsins may also possess tumor-suppressive roles 13 , depending on the cellular context, which emphasizes the importance of in vivo analysis to understand functions of cathepsins in GBM pathobiology. 14 We have extensively investigated expression of cathepsins B, L an S at the mRNA and protein levels 15, 16 and found considerable differences in the correlation between expression of cathepsins B, L or S in specific end-points of GBM progression. For example, cathepsin B is involved in GBM cell invasion 7 , whereas the nuclear fraction of cathepsin L plays a role in apoptotic threshold regulation in GBM cells. 9, 10 Cathepsin S also contributes to GBM progression in vitro 17 , although its inhibition did not impair GBM cell invasion. 7 Very little is known about the expression and the role of two other cathepsins, i.e. cathepsins K and X, in GBM progression.
Cathepsin K has recently been identified as one of the most differentially-expressed proteases in GBM tissue and cell lines as compared to normal counterparts. 18 Cathepsin K belongs to the cathepsin L-like cluster of the C1A family. Highly-positive charged basic residues in its structure allow allosteric accommodation of negatively-charged resident glycosaminoglycans, enabling formation of complexes with unique collagenolytical activity, and unwinding of triple helical collagens 19 , thereby participating in ECM degradation, in particular in bone metastasis. 20 Cathepsin K as a monomer also degrades growth factors and chemokines, such as stromal-derived factor 1α (SDF-1α) 21, 22 , thereby indirectly affecting signaling pathways and migration.
The structure and activity of cathepsin X (also called cathepsin Z) show several unique features that distinguish it from other cysteine cathepsins. 23 Cathepsin X exhibits solely carboxypeptidase activity and is activated by other lysosomal endopeptidases. Cathepsin X expression seems to be restricted to cells of the immune system and it regulates their proliferation, maturation, migration, adhesion, phagocytosis and signal transduction. 24 Various molecular targets of cathepsin X exopeptidase activity have been identified, including the β-chain of integrin receptors, y-enolase, profilin-1, chemokine SDF-1α and others. 23, 24 Furthermore, cathepsin X has been detected in the brain where it is localized in neurons, glial cells and ependymal cells. 23, 25 Increased cathepsin X expression has been associated with various types of cancer, such as lung, colorectal and gastric cancers. [26] [27] [28] Cathepsins have been reported to be involved in migration and self-renewal of tumor-initiating and therapy-resistant GBM stem cells (GSCs). 29, 30 GSC stemness and malignancy are maintained in specific microenvironments, so-called GSC niches, where these cells are protected from the immune system and therapy. 4, 31, 32 The final goal of GSC niche targeting as a new anti-GBM approach is to disintegrate GSC niches to increase GBM therapeutic sensitivity. 22 Since cathepsins are potent modifiers of the tumor microenvironment, we speculate that they may exert specific functions in GSC niches by modifying ECM and processing cytokines and growth factors.
The aim of this study was to explore expression patterns of cathepsins K and X in GBM tissue at the mRNA and protein level. At the transcriptome level, the data were obtained from publicly-available databases to determine if there is any association with survival of GBM patients. At the protein level, the immunohistochemistry was performed on serial sections of 21 human GBM samples, focusing on cathepsin localization in peri-arteriolar GSC niches. Moreover, we aimed to find correlations between gene expression of cathepsins K and X and GSC niche markers in GBM tissue samples.
Materials and methods

Expression of cathepsins K and X at the mRNA level and correlations with glioma stages and survival of glioma patients
Analysis of expression of cathepsin K and X mRNA in glioma tissue and its association with patient survival was performed using the publically-available GlioVis data portal. 36, 37 Briefly, two datasets (RNAseq) were used, TCGA_LGGGBM (RNA-seq platform) to compare expression of cathepsins in glioma grades II-IV and TCGA_GBM (RNA-seq platform) for all the other analyses. Two hundred twentysix (226) patients with grade II, 244 patients with grade III, 156 patients with GBM (grade IV) and 4 non-tumor patients were included in the query. All statistical analyses were performed in GlioVis data portal using pairwise comparisons between group levels with corrections for multiple testing (p-values with Bonferroni correction), and the log-rank test for Kaplan-Meier survival curve analysis. Correlation analyses (Pearson correlation coefficient, r) were performed between mRNA expression of cathepsins and the mRNA expression of GSC niche markers.
Patients and brain tumor samples
Paraffin-embedded tissue sections were obtained from biopsies of GBM patients, who were operated at the Department of Neurosurgery, University Clinical Centre of Ljubljana, Slovenia in the period 2013−2016. The study was approved by the National Medical Ethics Committee of the Republic of Slovenia (Approval No. 92/06/13). All procedures followed the Helsinki Declaration. Altogether, 21 patients with newly diagnosed glioblastoma (WHO grade IV) before radio and/or chemotherapy were included in this study. All patients gave informed consent to be included in the study. The histological diagnosis was established by standard protocols at the Institute of Pathology, Medical Faculty, University of Ljubljana. Diagnoses and tumor sample data are shown in Table S1 .
Immunohistochemistry
Immunohistochemistry was performed on serial GBM paraffin sections. Five μm-thick sections of GBM biopsy samples were prepared according to routine procedures of the Institute of Pathology, University of Ljubljana. Paraffin sections were dewaxed in 100% xylene (3 min) and then rehydrated in 100%, 96%, 50% and 0% ethanol (in each ethanol dilution for 3 min). Heat-mediated antigen retrieval was achieved with sodium citrate buffer (pH 6.0). Blockage of endogenous peroxidase activity in the tissue was performed by incubation with 3% H 2 O 2 in 100% methanol for 30 min at room temperature. To reduce non-specific background staining, sections were incubated with 10% goat or rabbit normal serum (Sigma) in phosphate-buffered saline containing 0.1% bovine serum albumin. After tapping off the serum-containing buffer, sections were incubated overnight at 4°C with primary antibodies: rabbit anti-SMA (1:200; Abcam, ab5694), mouse anti-CD133 (1:10; Miltenyi Biotec, W6B3C1), rabbit anti-SDF-1α (1:200; Abcam, ab9797), mouse anti-CD68 (1:50; Dako, EBM 11), rabbit anti-cathepsin K (1:200; Abcam, ab19027) and goat anti-cathepsin X (1:200; R&D Systems, AF934). This step was followed by incubation with the anti-mouse, anti-rabbit or antigoat secondary horseradish peroxidase-conjugated antibodies (1:200; Dako) for 1 h. Protein expression was detected using DAB (Abcam) or AEC (Vector Laboratories) as peroxidase substrate, and hematoxylin was used for counterstaining. The negative-control staining was performed in the absence of primary antibodies ( Figure S2 ). All sections were analyzed by light microscopy and images were taken using a Ti Eclipse inverted microscope (Nikon) and NIS elements software (Nikon). Expression of cathepsins is presented as percentage (%) of immunostained areas of tumor sections. Twenty visual fields per tumor section (20x magnification) in non-necrotic areas were quantified using ImageJ software (https:// imagej.nih.gov/ij/) and the Immunohistochemistry Image Analysis Toolbox. 6, 38, 39 
Statistical analyses
All statistical analyses were performed using R and GraphPad Prims 7. Overall survival of GBM patients was calculated from the date of surgery to the date of death or last follow-up. Survival analyses were estimated by Kaplan-Meier survival curves and these curves were compared with logrank tests. A p value of < 0.05 was considered to indicate statistically significant differences.
Results
Expression of cathepsins K and X at the mRNA level is upregulated in glioblastoma as compared with low grade gliomas and normal brain tissue
Expression of cathepsins K and X in GBM was compared with expression in lower grade gliomas expression of cathepsin X in GBM tissue was higher (38.0% of immunostained areas), as compared to that of cathepsin K (11.6% of immunostained areas) ( Figure 2A ). Protein expression of both cathepsins was heterogeneous across tumors as well as within the same tumor ( Figure 2B -G). Cathepsin K and X proteins were detected in cancer cells and stromal cells of the tumor microenvironment ( Figure 2B-G) .
. mRNA expression of cathepsins K and X in gliomas of different grades and GBM subtypes. Public transcriptomic datasets were used as described in Materials and methods. Higher cathepsin K and X mRNA expression was found in GBM (grade IV glioma) versus grade II and III glioma (A, D), in GBM versus normal brain (B, E), and in the mesenchymal subtype of GBM versus the classical, proneural and neural subtypes, as classified according to Verhaak et al. 39 (C, F). Boxplots show the distribution of mRNA expression (log2) in glioma grade II and III and GBM. Data were retrieved from GlioVis portal. 37 The significance was set at p < 0.01 (**), p < 0.001 (***). Heterogeneous imunohistochemical staining was found in different parts of GBM samples for cathepsin K (B, D) and for cathepsin X (C, E). Inserts present high magnification images of GBM cells containing cathepsin K and X protein. Cathepsin K (F) and cathepsin X (G) expression was present in specific cells in normal brain tissue of GBM patients. These cells were not further identified. Immunohistochemical labelling of cathepsins was performed with DAB as substrate (brown color). Cell nuclei were stained using hematoxylin (blue/purple). Scale bar = 50 μm.
(WHO II and III), as well as with expression in normal brain tissue in publically-available transcriptomic datasets (The Cancer Genom Atlas -TCGA) using the GlioVis data portal. 36, 37 We found higher cathepsin mRNA expression in GBM (WHO grade IV) than in lower-grade gliomas (WHO grade II and III) ( Figure 1A ,D) and higher cathepsin K and X mRNA expression in GBM as compared to normal brain ( Figure 1B,E) . Furthermore, we observed overexpression of both cathepsins in the mesenchymal subtype ( Figure 1C,F) , which has been reported in the literature as being therapyresistant and a more aggressive subtype of GBM. 40 Expression of cathepsin K and X mRNA was lowest in the classical and the proneural GBM subtype ( Figure 1C,F) .
Inter-and intratumoral heterogeneity of cathepsin K and X protein expression in GBM tissues
To determine protein expression of cathepsins K and X in GBM, we performed semi-quantitative immunohistochemistry on serial sections of 21 paraffin-embedded GBM samples. We observed that the
Predictive value of mRNA expression of cathepsins K and X is GBM-subtype dependent
In order to evaluate the predictive value of expression of cathepsins K and X at the mRNA level in GBM, we performed Kaplan-Maier survival analysis, using public GBM cDNA microarray datasets. Cathepsin K mRNA expression did not correlate with survival of all GBM patients ( Figure 3A) . When the GBMs were stratified into different GBM subtypes according to Verhaak et al. 41 , again no correlation of cathepsin K mRNA expression and patient survival was found (data not shown). In contrast, significant differences in survival were found in GBMs with different cathepsin X mRNA levels.
Kaplan-Meier estimates of median patient survival was 11.8 months for high cathepsin X tumors and 14.9 months for low cathepsin X tumors (log-rank p = 0.027) ( Figure 3B ). This correlation was dependent on the GBM subtype, as high mRNA levels of cathepsin X correlated only with the shorter survival of GBM patients of the classical subtype (median survival being 10.8 months for cathepsin X high-expressing tumors and 15.8 months for cathepsin X low-expressing tumors, log-rank p = 0.049).
In mesenchymal and proneural GBM subtypes, the cathepsin X mRNA expression did not have predictive value for patient survival ( Figure 3C ).
Cathepsins K and X in peri-arteriolar GSC niches
Cathepsins K and X were not only present in GBM cells ( Figure 2 ), but also in stromal cells, such as endothelial cells of the tumor vasculature ( Figure 4 ). Furthermore, the expression of both cathepsins was FIGURE 3. Kaplan-Meier survival curves of overall survival in relation to cathepsin K and X mRNA expression. Cathepsin K mRNA expression did not correlate with survival of all GBM patients (A), whereas patients with tumors expressing high cathepsin X mRNA levels exhibited poorer survival than patients with low cathepsin X mRNA expression (B). When we stratified GBMs in the different subtypes, cathepsin X mRNA expression had predictive value in the classical GBM subtype only (p = 0.049 by log-rank and p = 0.0084 by Wilcoxons' test) (C). Data for the Kaplan-Maier survival curves were obtained from GlioVis data portal. 36,37 GBM tumors were stratified into two groups, tumors with high and with low cathepsin K or X mRNA expression, using median values as cutoff. (Figure 4 ). 22, 34, 35 Briefly, CD133 is localized on GSC plasma membranes 42 , SMA is specifically localized in smooth muscle cells in the tunica media of arteriolar and venular walls 34, 35 , whereas SDF-1α, a chemotactic cytokine, is produced by endothelial cells and is involved in angiogenesis 43 and in the retention of GSCs within their niches adjacent to the tunica adventitia of arterioles. 22, 44 We also show here that macrophages and/or microglia cells were present in the regions of GSC niches around arterioles using the macrophage and microglia marker CD68 ( Figure 4A-D) . Cathepsins K and X were localized in CD133-, SDF-1α-an CD68-positive regions around arterioles, defined by the tunica media containing SMApositive smooth muscle cells (Figure 4 ). Cathepsins were present in astrocyte-like cells and endothelial cells (Figure 4 ) as well as extracellularly ( Figure 5 ) in regions of GSC niches adjacent to the tunica adventitia of arterioles ( Figure 5 ). Overlap of CD133, cathepsin K and cathepsin X immunostaining in GSC niches was observed ( Figure 4B,E,F) . Higher magnification images of CD133, SDF-1α, cathepsin K and X staining are shown in Figure 5 . Taken together, GSC marker CD133, cytokine SDF-1α and macrophage marker CD68 are localized around arterioles where cathepsins K and X are also present.
Correlation between gene expression of cathepsin K and X, selected GSC markers and peri-arteriolar GSC niche markers
The statistical correlation between gene expression levels of cathepsins K and X and gene expression levels of GSC markers and peri-arteriolar GSC niche markers was determined using public microarray datasets as describe in Materials and methods. 36, 37 We analyzed gene expression of GSC markers CD133/PROM1 and SOX2, endothelial cell marker CD31/PECAM1, α-smooth muscle actin SMA/ACTA2, chemotactic cytokine SDF-1α/ CXCL12 and its receptor CXCR4 and macrophage/ microglia markers CD68 and Iba1/AIF1. Cathepsin K mRNA expression correlated negatively with GSC marker SOX2 (Pearson's r = -0.38, *** p < 0.001) and positively with several GSC niche markers: PECAM1 (Pearson's r = 0.40, *** p < 0.001), ACTA2 (Pearson's r = 0.23, *** p < 0.001), CXCL12 (Pearson's r = 0.35, ** p < 0.01), CXCR4 (Pearson's r = 0.23, *** p < 0.001), CD68 (Pearson's r = 0.22, *** p < 0.001) and AIF1 (Pearson's r = 0.29, *** p < 0.001) ( Figure 6 ). On the other hand, cathepsin X negatively correlated with GSC markers PROM1 (Pearson's r = -0.18, * p < 0.05) and SOX2 (Pearson's r = -0.23, *** p < 0.001). A strong positive correlation was observed between cathepsin X gene expression and the endothelial cell markers PECAM1 (Pearson's r = 0.49, *** p < 0.001) and ACTA2 (Pearson's r = 0.45, *** p < 0.001), CXCL12 (Pearson's r = 0.45, *** p < 0.001) and CXCR4 (Pearson's r = 0.46, *** p < 0.001). The strongest positive correlation was found for cathepsin X and the macrophage and microglia marker CD68 (Pearson's r = 0.80, *** p < 0.001) and AIF1 (Pearson's r = 0.65, *** p < 0.001) (Figure 7) . Taken together, gene expression of cathepsins K and X negatively correlated with gene expression of GSC markers and positively correlated with several markers of GSC niches. The positive correlation between gene expression of cathepsin X and GSC niche markers was much stronger than that of cathepsin K and GSC niche markers.
Discussion
Despite intensive research and the introduction of multimodal therapy with surgery, irradiation and chemotherapy, GBM patients survival has not significantly increased. 45 A better understanding of GBM pathobiology and the discovery of cancer biomarkers with predictive value are thus crucial for the improvement of GBM treatment. Such markers may become targets for personalized therapy. In the search for new biomarkers, "omics" analyses, followed by molecular validation is the usual approach. Immunohistochemistry is the most common type of analysis in oncology, due to its relative simplicity in the assessment of biomarkers for diagnosis, prognosis and prediction of responses to therapy. Therefore, we attempted to assess the predictive value of two potential protease biomarkers, cysteine cathepsins K and X. The selection of these cathepsins was based on the fact that a related protease cathepsin B has been consistently found to be predictive at the mRNA and protein level in various types of cancer, including gliomas and GBM. 6, 46 High cathepsin B expression in the endothelial cells correlated with low survival rate of glioma patients and enables the identificaton of patients at higher risk in order to follow these patients more carefully or treat them more aggressively. Although cathepsin B is involved in cancer cell and endothelial cell migration and invasion 15 , it is unlikely candidate as selective treatment target because it is widely distributed in normal cells. The high cathepsin K expression as was found in the present study confirmed our previous findings on cathepsin K mRNA upregulation in GBM cells and tissues as compared to their normal counterparts. 18 However, we did not find any association of cathepsin K mRNA expression with survival of GBM patients, as was shown for various other types of cancers, such as lung carcinoma and squamous cell carcinoma. 19 Similar results have been reported for the cysteine cathepsin L by Strojnik and co-workers 47 , showing high cathepsin L expression in astrocytomas and GBM, but these high levels were not predictive. We have also shown that cath- epsin K is expressed in normal brain cells as has been reported for all brain regions of wild type mice 48 where it has been associated with neurobehavioral disorders such as schizophrenia. 49 At the protein level, cathepsin K was detected in vesicles of neuronal and non-neuronal cells throughout the mouse brain and its deficiency was associated with a marked decrease in differentiated astrocytes, indicating a possible role of cathepsin K in stem cell differentiation. Cathepsin X has been linked to cancer progression as its upregulation has been found in several types of cancer. 23, 28 Previously, high cathepsin X levels in serum and cancer tissues of patients with colorectal cancer and hepatocellular carcinoma, respectively, have been associated with shorter overall survival. 28, 50 In present study, we confirmed the same trend for cathepsin X mRNA levels in 156 GBM patients. When GBM were stratified according to subtype 41 , high cathepsin X expression in classical GBM subtype showed predictive potential for poor survival.
Cathepsin X promotes tumor processes by enhancing epithelial-to-mesenchymal transition (EMT) and by cleaving integrin receptors and profilin 1. 23, 51, 52 Moreover, invasion-promoting functions of cancer cell-and stromal cell-derived cathepsin X are mediated via RGD motifs in the protease prodomain, that binds to integrins and the ECM. 53 This is the first observation that cathepsin X gene expression is significantly higher in GBM than in lower-grade gliomas and in normal brain, which is in line with studies in other types of cancer, such as hepatocellular carcinoma and melanoma, revealing the correlation between cathepsin X overexpression in cancer tissue and advanced tumor stages. 50 In addition to the presence of cathepsin X in cancer cells in GBM tissues, its high levels were detected in endothelial cells of the tumor vasculature as well, which implies the involvement of cathepsin X in GBM angiogenesis, as has been found for cathepsin B. 46 Interestingly, highest cathepsin X expression was observed in the mesenchymal subtype of GBM, which represents the most aggressive and therapy-resistant GBM subtype. 40, 41 As already mentioned, GBM is heterogeneous at the molecular and cellular levels. Cathepsin K and X expression exhibited high inter-and intratumoral heterogeneity, which may be explained by differential infiltration rates of stromal cells, such as macrophages, endothelial cells, fibroblasts and lymphocytes that are also important sources of proteases. 11 In addition, GBM subtypes may significantly differ in their microenvironment, for example, the mesenchymal GBM subtype exhibits a higher immune cell infiltration than all other subtypes. 41, 54 At present, the only organized multicellular structures where cathepsins K and X have been found to be clustered, are the peri-arterioral regions that function as GSC niches. 22, [33] [34] [35] In these niches, GSCs are surrounded predominantly by endothelial cells, pericytes, smooth muscle cells, fibroblasts and macrophages. 4, 55 In particular, cross-talk between endothelial cells and cancer cells is crucial for GSC propagation within the niches. 55, 56 Furthermore, the chemotactic cytokine SDF-1α and its receptors CXCR4 and CXCR7 are important for the retention and maintenance of GSCs in their niches as well as for their radiotherapy resistance. 44, 57 We localized cathepsin K and X in peri-arteriolar regions, positive for GSC marker CD133, smooth muscle cell marker SMA, SDF-1α and macrophage marker CD68. Thus, we confirmed our previous observations that cathepsin K is present in GSC niche regions and proposed that it is involved in GSC trafficking in/out of niches by proteolytic processing and inactivation of SDF-1α. 22 Interestingly, we found an inverse correlation between cathepsin K and X mRNA expression and mRNA expression of GSC markers CD133 and SOX2 in GBM tissues. This is in line with our previous data 58 , showing an inverse correlation between CD133 mRNA levels and mRNA levels and activity of cathepsins B, L and S in isolated primary CD133-positive versus CD133-negative GBM cells. On the other hand, a positive correlation was found between the expression of cathepsins K and X and that of other GSC niche markers. Based on these results and the fact that cathepsin K cleavage of SDF-1α inhibits its chemotactic activity towards CXCR4-positive GSCs, we speculate that cathepsins K and X may both enhance GSC migration out of their niches. This is a similar scenario that was reported by Kollet et al. 59 of hematopoietic progenitor cells from bone marrow niches.
In conclusion, our data support the concept that cathepsins K and X are associated with glioma progression, as both are progressively upregulated from low grade to high grade glioma GBM, as we demonstrated by their significantly increased mRNA expression. High expression of cathepsin X on the mRNA level had predictive value for the survival of GBM patients. Furthermore, we have shown that cathepsin K and X proteins clustered in regions of peri-arteriolar GSC niches, and their mRNA expression levels correlated with expression of niche markers, implying a role of these two cathepsins in maintaining/trafficking of GSCs in or out of niches. The results of this study have to be confirmed in a further prospective study.
